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Abstract 
Behavior of a multiphase flow consisting fragmented magma, solid pyroclasts and volcanic gases is central to 
understand dynamics of explosive volcanic eruption. Entrainment of ambient air into the mixture is a key process as it 
produces buoyancy by thermal expansion. Numerical simulations of eruption clouds have been developed to address 
this issue. In the simulation, cooling of magma fragments can be calculated as a result of heating air, which may be 
tested independently from petrographic study of natural pyroclasts. Oxidation kinetics of pyrrhotite (Po) may be applied 
to quantify the degree of the magma-air interaction including pyroclsts cooling, because Po in volcanic rocks is often 
oxidized to form magnetite (Mt) and hematite (Hm), and its reaction mechanisms are well constrained. In order to test 
usefulness of Po oxidation as a marker for the magma-air interaction, I first investigated the Po reaction products in 
various erupted materials with different thermal and oxidation histories, and then determined oxidation reaction 
mechanisms (Chapter 1). Then, by coupling Po oxidation rate with cooling process of pyroclasts calculated in a 
three-dimensional (3-D) eruption column model, I simulated development of Po oxidation rim and compared with 
petrographic observations (Chapter 2). 
In Chapter 1, the occurrence of Po reaction products were compared in three different eruption styles in the 
Sakurajima AD 1914–15 eruption. Pumices from the Plinian eruption included ladder type Fe-oxides (Mt with 
subordinate width of Hm) often accompanied by relict Po. This ladder type was contained also in the clastogenic lava, 
and was almost completely oxidized to Hm. The effusive lava contained framboidal aggregates of subhedral to unhedral 
Mt crystals without Hm. The formation mechanisms of Fe-oxides were estimated from the microstructure. The ladder 
type Fe-oxides were formed syn-eruptively by the reaction with gas, not with the melt in a magma chamber as 
demonstrated by the Ti-free nature of the ladder Mt and its synchronous oxidation to Hm (Matsumoto and Nakamura 
2012). In contrast, the framboidal type was formed in a melt with decreasing fS2. The calculation of Hm growth in a 
conductively cooling pumice clast constrained the surface temperature of pumice in the eruption column. The 
paragenesis and oxidation degree of Po and Fe-oxides were consistent with the eruption processes in terms of magma 
fragmentation, air entrainment, and welding and can be a responsive marker for the magma-air interaction. 
In Chapter 2, hematite (Hm, Fe2O3) growth rate in the Po oxidation process was applied to test a 3-D eruption 
column simulation by evaluating the oxidation degree of pyroclasts during eruption. Three simulations with different 
mass discharge rate (ṁ) and magma temperature were performed. In the simulations, two types of thermal structure 
corresponding to jet flow (ṁ~106–107 kg/s) and fountain flow (ṁ~109 kg/s) were observed. The fountain-flow sustained 
an unmixed core, which yielded longer high temperature duration than the jet-flow. The oxidation degree of pyroclasts 
was then calculated by employing the temperature of particles in the eruption column. Frequency distribution of the Po 
oxidation degree well represented the variation in high temperature duration and initial magma temperature according to 
the simulation conditions. This, in turn, showed that Po oxidation can be potentially used as an indicator for 
characterizing thermal structure of eruption columns. Finally, the Hm rim was calculated for the Sakurajima 1914 
Plinian eruption and compared with the petrographic data. The calculation results that equivalent to the Sakurajima 
eruption were a ca. three times thinner; this discrepancy probably comes from the assumption in the 3-D model that 
thermal conduction of the pumice clasts were neglected and they are in thermal equilibrium with gas. This study 
showed that precise temperature calculation is needed for eruption column simulations to reproduce petrological 
observation of natural pyroclasts. 
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論文審査の結果の要旨 
 
 爆発的な火山噴火では、高温の噴出物に大気が混合して膨張し、浮力を発生して多様な噴火様
式や噴出物がもたらされる。そのため、噴出物と大気との混合度を定量化することで、その噴火
を特徴づけることができる。さらに近年では、噴煙や火砕流の数値シミュレーション技術が急速
に発達し、これらの計算を検証する手法の開発が必要となっている。本博士論文は、火山噴出物
の酸化状態に基づいて噴出物と大気との接触過程を推定し、数値シミュレーションとあわせて、
噴火ダイナミクス研究の新しい手法を開発しようとするものである。 
 本論文は、二つの章から構成される。第１章では、20 世紀の国内最大の噴火である、桜島火山
大正噴火における３種類の噴火様式の噴出物を対象として、磁硫鉄鉱（pyrrhotite,Po)の産状
（酸化組織）が記載され、それが各噴火様式でのマグマの破砕や大気との接触度、高温維持時間
に基づいて説明できることが示された。酸化反応生成物は磁鉄鉱 (Mt）や赤鉄鉱（Hm）であった。
Po の高温酸化実験の先行研究と組織観察に基づいて、酸化反応のメカニズムが推定され、梯子状
の酸化組織が、大気との直接接触を示すことが明らかとなった。さらに、軽石の熱伝導冷却中に
成長する Hm 幅の計算によって、観察された Hm 幅は軽石の自然冷却のみでは説明できないことが
示された。これらの結果から、Po の酸化は、マグマ溜まりではなく、火道浅部あるいは噴煙柱内
～地表で発生し、各噴出物の噴火プロセスと整合的であると結論付けられた。 
 第２章では、大正噴火を模擬した数値シミュレーションによる Po の酸化度の推定値と、第１章
の記載的研究に基づく実測値が比較された。噴出物の酸化度として、Po の酸化で生成する Hm の
成長幅を用い、Hm 成長速度の実験値から、噴煙内で冷却中に成長する Hm 幅が算出された。その
結果、計算される粒子酸化度の頻度分布は、噴煙の初期温度と温度構造を反映するものの、Hm 幅
の実測値に満たないことが明らかにされた。この結果、シミュレーションの噴煙温度の見積りや
Hm の成長速度、噴火における酸化開始のタイミングにさらなる検討を要することが指摘された。 
 以上の内容は、本論文の提出者・松本恵子が、自立して研究活動を行うに必要な高度の研究能
力と学識を有することを示している。したがって、本博士論文は、博士（理学）の学位論文とし
て合格と認める。 
 
